The quinolizidine alkaloids of lupin plants are formed from L-lysine via cadaverine as the first detectable intermediate (Chart 1). The crucial steps of ring cyclization of cadaverine units are believed to occur as enzyme-bound intermediates and subsequently to yield the initial bicyclic alkaloids, e.g. (Ϫ)-lupinine, or the tetracyclic alkaloids such as (ϩ)-lupanine.
The quinolizidine alkaloids of lupin plants are formed from L-lysine via cadaverine as the first detectable intermediate (Chart 1). The crucial steps of ring cyclization of cadaverine units are believed to occur as enzyme-bound intermediates and subsequently to yield the initial bicyclic alkaloids, e.g. (Ϫ)-lupinine, or the tetracyclic alkaloids such as (ϩ)-lupanine. [2] [3] [4] [5] These cyclic alkaloids are subsequently transformed by cellular enzymes through dehydrogenation, oxygenation or esterification. 6, 7) For understanding the regulatory mechanism of biosynthesis, the alkaloid-rich 'bitter' form and alkaloid-poor 'sweet' form of lupin plants are useful experimental materials. 8) Previously we have shown that the contents of total crude alkaloids were ca. four-fold higher in bitter plants of Lupinus luteus and L. albus than those in sweet plants, although the alkaloid patterns were similar in bitter and sweet plants. 8) However, the cellular concentrations of L-lysine and cadaverine did not markedly differ between bitter and sweet plants. 8) The enzymatic activities of acyltransferases for the formation of the ester alkaloids were also the same in the cell-free extracts of bitter and sweet plants. 7) These results suggest that the biosynthetic steps of ring closure forming initial cyclic alkaloids such as (Ϫ)-lupinine and (ϩ)-lupanine from cadaverine are presumably blocked in sweet plants, but the steps prior to cadaverine formation and the later steps for modification of the cyclized alkaloids are not altered.
In the present study, we used bitter and sweet forms of L. angustifolius. Bitter form (cultivar (cv.) Fest) and sweet form (cv. Uniharvest) were derived from the cv. New Zealand Blue by addition of several domesticating genes. 9) Uniharvest and Fest have a similar genetic background, but are homozygous for the mutant iuc (iucundus) alleles and wild type alleles, respectively. The iuc is a recessive allele causing low alkaloid phenotype. We have determined the accumulation patterns and concentrations of alkaloids and the enzymatic activities of acyltransferase in these bitter and sweet plants of L. angustifolius. We tried to isolate genes encoding enzymes for ring cyclization by a molecular biology approach. From these results, we discuss the possible regulation of alkaloid biosynthesis in the bitter and sweet forms.
Results
The accumulation patterns and concentrations of alkaloids in the leaves of bitter and sweet plants of L. angustifolius were determined by capillary GC-MS (Table 1, Fig. 1 ). The identification of known alkaloids by GC-MS was performed by comparison with the standard alkaloids of our laboratory stock and the data in the literature. 3) In bitter plant, the first major alkaloid was lupanine (1), followed by 13a-tigloyloxylupanine (2) . Other components were angustifoline (3), aisolupanine (4), 13a-hydroxylupanine (5), tetrahydrorhombifoline (6), 13a-benzoyloxylupanine (7), 13a-caproyloxylupanine (8), 13a-cinnamoyloxylupanine (9) , and the presumed ester derivatives of 13a-hydroxylupanine judged by the pattern of fragment ions in MS. In sweet plants, no alkaloid was detected ( Table 1) .
The Activity of Tigloyl-CoA: 13a-Hydroxylupanine/13a-hydroxymultiflorine O-tigloyltransferase (HLT/HMTase), 7) which catalyses the formation of 13a-tigloyloxylupanine and 13a-tigloyloxymultiflorine, was measured. These two reactions of tigloyltransferase have been proven to be catalyzed by a single enzyme in Lupinus plants. 7) The activity in the hypocotyls and roots was two-fold higher in the sweet form than that in bitter form (Table 2) .
To clarify the genetic variations between bitter and sweet forms, random amplified polymorphic DNA (RAPD) analysis of total DNA was conducted. DNAs extracted from bitter and sweet plants were amplified using nineteen kinds of ran-dom 10 mer primers. 10) Twenty-five bands were observed by agarose gel electrophoresis stained by ethidium bromide, and only one band was amplified differently between bitter and sweet forms (data not shown). This result indicated that bitter and sweet forms of L. angustifolius have only a little polymorphism with total DNA.
Our previous findings 8) and the results in the present study suggested that the biosynthetic steps of ring closure forming the initial cyclic alkaloid lupanine from cadaverine may be blocked in sweet plants of L. angustifolius (Chart 1). We hypothesized that expression of the gene(s) encoding the enzyme(s) responsible for ring-closure steps may be repressed only in sweet plant. To isolate the genes specifically expressed in bitter plant, we conducted a cDNA-amplified fragment length polymorphism (cDNA-AFLP) analysis. In two hundred and fifty-six primer combinations, ca. 13000 bands were amplified with cDNAs from bitter and sweet plants, respectively. Among them, one fragment was reproducibly amplified only in bitter plants. Northern analysis was conducted using this fragment as a probe, but there was no difference between bitter and sweet forms (data not shown).
Discussion
As is the case with L. albus and L. luteus, 8) the limiting step of the biosynthetic pathway in sweet plant of L. angustifolius causing an alkaloid-poor phenotype may be the reaction from cadaverine to lupanine (Chart 1). The same amount of HLT/HMTase activity, or even higher activity, of postring-closure steps was detected in sweet plant, while no alkaloid was detected in sweet plant of L. angustifolius. It was also the case with L. albus and L. termis, exhibiting the same level of acyltransferase activities in spite of different levels of alkaloid accumulation. 8) These facts suggest that the genes encoding enzymes for the initial step for cyclic alkaloid for- Table 1 , Chart 1 and the text. * Indicates the peaks for three presumed ester derivatives of 13a-hydroxylupanine. mation from cadaverine are probably controlled independently from the genes encoding enzymes for the later step such as acyltransferases, and that the initial step may be susceptible to be blocked at the transcriptional or translational level. Otherwise, the genes for the ring-closure step may be easily mutated to encode peptides that exhibit no substantial enzymatic activity (discussed later). The HLT/HMTase activity was two-fold higher in sweet plant than that detected in bitter plant. This may be due to the up-regulation of the activity under repressed condition of de novo alkaloid biosynthesis. Since the alkaloid acyltransferases are apparently localized in the mitochondria matrix, 11) the regulatory mechanism of acyltransferase expression might be different from that for early-step enzymes.
In the case of anthocyanin biosynthesis in Perilla, the regulatory mechanism is quite different from alkaloid biosynthesis in Lupinus. In a red form of Perilla frutescens, anthocyanins are actively biosynthesized in leaves and stems, while in a green form, which has a similar genetic background to the red form, no anthocyanin is accumulated. Almost all genes encoding biosynthetic enzymes of anthocyanins, except for chalcone synthase, are repressed at the transcriptional level in the green form. It is presumed that the expression of these structural genes is controlled by the same transacting factor(s) that are impaired in the green form of P. frutescens. 12) Among the three species of genus Lupinus, L. albus, L. luteus and L. angustifolius, investigated so far with respect to bitter and sweet forms, L. angustifolius seemed to be the most appropriate experimental material, because the chemical phenotype regarding alkaloid accumulation in sweet plant is most drastic. Moreover, bitter and sweet forms of L. angustifolius showed only a little polymorphism in RAPD analysis, suggesting small genetic variation. In the case of L. albus, bitter and sweet forms showed polymorphism in the restriction fragment length in genomic DNA. 13) We conducted cDNA-AFLP to isolate the genes specifically expressed in bitter plant, some of which were expected to encode enzymes for initial ring-closure step. We have extensively analyzed the amplification by cDNA-AFLP but failed to isolate any bitter-specific gene. In the present study, mRNA species carrying more than two TaqI sites in their molecules were detectable in cDNA-AFLP analysis (see Experimental). One possibility for failure of specific-gene isolation is that the expression of the genes encoding enzymes for ring-closure step is repressed at the transcriptional level in the sweet plant, but these cDNAs possess one or no TaqI site. In this case, the choice of a different restriction enzyme would lead to cloning of the cDNAs. The second possibility is that the ring-closure step may be blocked at the post-transcriptional level, i.e., at translation or enzymatic activity, although mRNAs are accumulated at the same level in bitter and sweet plants. For this possibility, the differential investigation on proteins accumulated in two forms would be necessary to gain more insights on the molecular basis of regulation of quinolizidine alkaloid formation. In addition, further trials to detect cell-free enzymatic activity of post-cadaverine steps would be also needed.
Experimental
Plant Materials Seeds of L. angustifolius cv. Fest (bitter form) and cv. Uniharvest (sweet form) were from Drs. T. J. V. Higgins and L. M. Tabe, Division of Plant Industry, Commonwealth Scientific and Industrial Research Organization (CSIRO), Australia. Uniharvest and Fest have a similar genetic background, but are homozygous for the mutant iuc allele, a recessive allele causing low alkaloid phenotype, and wild type allele, respectively. These cultivars also differ in color of stem, flower and seed, Uniharvest having green stems and white flowers and seed coats due to homozygosity for the leucospermus (leu) allele, whereas Fest has the wild type allele conferring reddish stems, blue flowers and gray mottled seeds.
9) The seeds were germinated and grown in vermiculite under fluorescent light (30 mE/m 2 /s, 16 h light/8 h dark) at 25°C in a plant growth chamber (BIOTRON LH200, Nippon Medical & Chemical Instruments Co., Ltd., Osaka, Japan).
Determination of Alkaloids Mature leaves were harvested from 3-week-old seedlings of bitter and sweet plants, and homogenized in distilled water with a few drops of 10% HCl (pH ca. 2). After centrifuging, the resulting acidic supernatant was extracted with ethyl acetate twice. The aqueous solution was made alkaline by dissolving potassium carbonate to saturation (pH ca. 11). The alkaline solution was then extracted with ethyl acetate twice. The organic layers were combined, dried with sodium sulfate (anhydrous) and evaporated in vacuo. The resulting residue (basic fraction) was dissolved in methanol and analyzed by a combined GC-MS system 5980II/5971A (Hewlett Packard, U.S.A.) equipped with a fused silica capillary column DB-1 (J & W Scientific, CA, U.S.A., 0.25 mmϫ30 m). Separation was carried out by a programmed temperature gradient (100-300°C). (ϩ)-Matrine was used as an internal standard for quantification. Identification of alkaloids was made by comparison with the authentic compounds of our laboratory stock and the published data.
3)
Assay of the Alkaloid Acyltransferase Activity The crude enzyme solution was obtained by extraction of the hypocotyls and roots of 2-week-old seedlings with buffer A (0.2 M potassium phosphate, pH 8.0, 10 mM 2-mercaptoethanol, 0.5 mM ethylenediamine tetraacetate (EDTA), 250 mM sucrose). The extracts were centrifuged (6000 g, 10 min) and the supernatant was subjected to ammonium sulfate fractionation. The pellet between 20 and 
160Ϯ27.2 Ͻ1.0 13a-Hydroxylupanine (5) 36.5Ϯ6.99 Ͻ1.0 Tetrahydrorhombifoline (6) 30.3Ϯ2.28 Ͻ1.0 13a-Benzoyloxylupanine (7) 13.7Ϯ2.36 Ͻ1.0 13a-Caproyloxylupanine (8) 7.54Ϯ3.01 Ͻ1.0 13a-Hydroxylupanine ester?
2.30Ϯ1.31 Ͻ1.0 13a-Cinnamoyloxylupanine (9) 2 70% solution was collected and dissolved in 20 mM sodium phosphate, pH 6.3/10 mM 2-mercaptoethanol, followed by desalting with PD-10 column (Amersham Pharmacia Biotech, U.K.). The standard reaction mixture comprised 100 mM potassium phosphate, pH 8.0, 0.5 mM EDTA, 1 mM dithiothreitol (DTT), 0.15 mM (Ϫ)-13a-hydroxymultiflorine, 7) 0.15 mM tigloylCoA (Sigma Chemical Co., MO, U.S.A.), and the enzyme protein in a total volume of 240 ml. After incubation for 60 min at 30°C, the reaction was terminated by the addition of 160 ml of methanol and centrifuged (8000 g, 5 min). One hundred microliters of the supernatant was subjected to HPLC analysis. HPLC analysis was carried out on a Mightysil RP-18 GP150-4.6 (5 mm) column (Kanto Chemical Co., Inc., Tokyo, Japan) by using a solvent system, 15% acetonitrile in 20 mM sodium dihydrogenphosphate, pH 5.5 at a flow rate 1.0 ml/min with monitoring at 327 nm. The acyltransferase activity was expressed as the formation of ester alkaloid, (Ϫ)-13a-tigloyloxymultifloline 7) (pkat (pmol/s)/mg of protein). RAPD Analysis Total DNA was extracted from stems of the seedlings of bitter and sweet forms as described by Dellaporta et al. 14) RAPD analysis was conducted as described previously. 10) Briefly, the polymerase chain reaction (PCR) mixture was made as follows: 10 ng of DNA, 0.5 mM random 10-mer primer (Operon 10-mer kits, Operon Technologies, Inc., CA, U.S.A.), 1 mM magnesium chloride, 120 mM deoxyribonucleoside triphosphates, 0.5 units of rTaq DNA polymerase (Toyobe, Co., Ltd., Osaka, Japan) and 1ϫrTaq buffer (Toyobo, Co., Ltd.) in a total volume of 25 ml. Amplification was carried out under the following temperature conditions: 72°C for 30 s, 40 cycles of (94°C for 1 min, 36°C for 1 min, 72°C for 2 min) and 72°C for 5 min. Products were subjected to 1% agarose gel electrophoresis and stained by ethidium bromide.
cDNA-AFLP Total RNA was extracted from leaves of 3-week-old seedlings of bitter and sweet plants by a modified guanidine HCl method as described. 15) Poly (A) ϩ RNA was purified using mRNA Separator Kit (Clontech Laboratories, Inc., CA, U.S.A.). Double-stranded cDNA (ds-cDNA) was synthesized using cDNA Synthesis Module (Amersham Pharmacia Biotech). cDNA-AFLP was conducted according to Habu et al. 16) In short, ds-cDNA was digested by Taq a I (New England Biolabs, Inc. MA, U.S.A.) and ligated to TaqI linker (top strand linker, 5Ј-GACGATGAGTCCTGAG-3Ј; bottom strand linker, 5Ј-pCGCTCAGGACTCAT-3Ј). They were preamplified using T-N primers (5Ј-GATGAGTCCTGAGCGAN-3Ј, NϭA, G, C or T). Next they were amplified using T-N primer and 32 P-labelled T-NNN primer (5Ј-GATGAGTCCTGAGCGANNN-3Ј, NNNϭAAA to TTT). Then labeled amplified fragments were separated on 5% acrylamide/7.5 M urea sequencing gel. The gel was dried and subjected to autoradiography. cDNA fragment in the bitter form-specific band was extracted from the dried gel, reamplified by PCR, and labeled with 32 P using Random Primer DNA Labeling Kit ver. 2 (Takara Shuzo, Shiga, Japan) for a probe in Northern analysis.
Northern analysis was carried out as described elsewhere. 12) 
